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LUNAR SCIENTIFIC OPERATIONS 
Paul D. Lowman1 

Donald A .  B e a t t i e  2 

I '  This paper o u t l i n e s  the major ob jec t ives ,  
methods, and expected r e s u l t s  of manned lu -  
n a r  s c i e n t i f i c  operat ions poss ib l e  w i t h  pay- 
loads  t ranspor tab le  by launch veh ic l e s  de- 
veloped for t he  Apollo p r o j e c t .  

The chief  s c i e n t i f i c  b e n e f i t s  expected from 
manned luna r  explora t ion  l i e  i n  the a r e a s  of 
comparative planetology and the  s tudy of t he  
evolu t ion  of t h e  solar system, and s t e m  larg- 
ely from the absence of an atmosphere and a t -  
mosphere-dependent geologic  processes .  

Manned lunar  explora t ion  should include t h r e e  
main phases: 

1. D e t a i l e d  o r b i t a l  surveys, u s ing  
photography, mu1 t i s p e c t r a l  sensing, 
and geophysical methods. 

2. Surface explora t ion  t r ave r ses ,  dur- 
i n g  which geologica l ,  geochemical, 
and geophysical i n v e s t i g a t i o n s  would 
be made, and 

3. Fixed-site, long du ra t ion  s t u d i e s  of 
the moon, inc luding  geophysical 
monitoring and deep d r i l l i n g .  

After the  lunar  environment has been inves-  
t i g a t e d  by these methods, the  moon might 
then  serve as a uniquely valuable  s i t e  for 
o p t i c a l  and r a d i o  astronomy, space physics ,  
and b i o l o g i c a l  s tud ie s .  t 3 h  

Manned Space Science Division, Off ice  of Space Science 
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INTRODUCTION 
Ear ly  manned lunar  missions should cen te r  on s c i e n t i -  

f i c  opera t ions  f o r  two reasons.  F i r s t ,  the s c i e n t i f i c  ex-  
p l o r a t i o n  of t he  moon has  g r e a t  i nhe ren t  value; second, it 
w i l l  provide the  necessary foundat ion of  knowledge f o r  l a t e r  
l u n a r  and p lane tary  missions. The purpose of t h i s  paper i s  
t o  o u t l i n e  the major ob jec t ives ,  methods, and expected pro- 
duc t s  of manned luna r  s c i e n t i f i c  opera t ions  poss ib l e  wi th  
launch vehic les  and spacecraf t ,  o r  modi f ica t ions  thereof ,  
developed f o r  the Apollo pro jec t .  

The opinions expressed are those of the au thors  and do 
not represent  o f f i c i a l  NASA po l i cy .  The p r o j e c t s  descr ibed 
are not  n e c e s s a r i l y  approved programs. 
SCIENTIFIC BENEFITS O F  MANNED LUNAR EXPLORATION 

I n  a d d i t i o n  to the  more genera l  b e n e f i t s  expected t o  
accrue from manned lunar  explorat ion,  such as the s t imulus  
t o  space technology and the focuss ing  of t he  n a t i o n a l  space 
e f f o r t ,  w e  can expec t  s i g n i f i c a n t  s c i e n t i f i c  advances i n  a 
number of a reas ,  some o f  the more important being the f o l -  
1 owing : 
Comparative Planetology 

duce fundamental d i scover ies  i n  comparative planetology 
("planetology" being defined as the s tudy  of p l a n e t s  and 
sa te l l i t es  by geological  and geophysical means). 

earth, i t  can properly be considered the ear th 's  sister 
p l a n e t .  I f ,  as seems probable, t h i s  sister p l a n e t  has never 
had an appreciable  atmosphere o r  hydrosphere, i t  f u r n i s h e s  
u s  w i t h  a unique con t ro l  i n  comparative planetology, because 
two major va r i ab le s ,  a i r  and water have nad l i t t l e  or  no 
e f f e c t  on the  moon's evolut ion.  The importance of t h e s e -  - 

The s c i e n t i f i c  s tudy o f  the  moon is  expected t o  pro- 

Because of the moon's g r e a t  s i z e ,  as compared with the 



two f a c t o r s  i n  the  development of the  earth 's  c r u s t  i s  n o t  
commonly r ea l i zed ;  however, most of the land forms and the 
v a s t  bulk of rock (possibly inc luding  many igneous rocks)  
exposed on the  e a r t h  are the products of atmosphere-depen- 
dent  processes  such as eros ion  and sedimentation. It 
should be emphasized t h a t  i t  is, i n  f a c t ,  d ; i f f i c u l t  o r  i m -  
poss ib l e  for geo log i s t s  and geophys ic i s t s  t o  s epa ra t e  com- 
p l e t e l y  the i n d i r e c t  o r  second and t h i r d  genera t ion  e f f e c t s  
of s u r f i c i a l  processes  from those  of i n t e r n a l  processes .  

Two c lose ly  r e l a t e d  problems, the o r i g i n  of con t inen t s  
and t h e  o r i g i n  of g r a n i t e ,  i l l u s t r a t e  me p o t e n t i a l  appl ica-  
t i o n  of comparative planetology t o  t e r r e s t r i a l  geology. The 
c m t i n e n t s  are composed l a rge ly  of g r a n i t i c  rock (using 
" g r a n i t i c "  i n  a broad sense) ,  whose u l t ima te  o r i g i n  i s  not  
understood. Tne essence of  t h e  problem of the o r i g i n  of 
g r a n i t e ,  and hence of cont inents ,  i s  the  importance of 
igneous processes .  One school of thought holds  t h a t  con- 
t i n e n t s  were, a t  l e a s t  i n i t i a l l y ,  formed by igneous d i f f e r -  

e n t i a t i o n  i n  the primordial e a r t h ;  opposed t o  t h i s  i s  the  
view that the cont inents  a re  e s s e n t i a l l y  sedimentary aggre- 
ga t e s ,  modified by igneous and metamorphic processes*. 
Study o f  the  geology of the moon should provide new i n s i g h t  
i n t o  t h i s  problem. Because of t he  absence of sedimentary 
processes  on the  moon, the discovery of s u b s t a n t i a l  quan t i -  
t i e s  of g r a n i t i c  rock would provide support  f o r  an igneous 
o r i g i n  f o r  the  e a r t h ' s  cont inents ;  the absence of l una r  
g r a n i t e s  would support t h e  opposing view. 

Study of the moon w i l l  undoubtedly shed l i g h t  on t h e  

r o l e  of major m e t e o r i t i c  impacts i n  the e a r t h ' s  o r i g i n  and 
evolu t ion .  If the  vas t  major i ty  of l una r  c r a t e r s  and marl2 
prove t o  be the results of impact, as expected by many 
s c i e n t i s t s ,  i t  w i l l  s t rong ly  suggest that  impact was 



important i n  a t  least the e a r l y  evo lu t ion  of the earth.  
our studies were confined t o  the earth, s o l u t i o n  of t h i s  
problem would be extremely d i f f i c u l t ,  because anc ien t  jlmpact 
c r a t e r s  are f r equen t ly  buried and o b l i t e r a t e d  by la te r  se- 
dimentation and erosion.  

p l a n e t  deals w i t h  t he  theo r i e s  of the o r i g i n  of metal logenic  
provinces ( the  c l u s t e r i n g  of ore  depos i t s  of the same metal 
over broad geographic a reas )  on e a r t h .  If  such provinces 
r e s u l t  from compositional d i f f e rence  i n  p lane tes imals  that  

If  

A las t  example of the  moon's r o l e  as a comparison 

formed t h e  earth, the search f o r  hidden ore  depos i t s  would 
be placed on a broader basis than  a t  p re sen t .  Wide-scale 
geochemical s t u d i e s  of the  moon might lead t o  a r e s o l u t i o n  
of  t h i s  quest ion,  which i s  of d i r e c t  economic importance. 
The Lunar Geologic Record 

exp lo ra t ion  w i l l  produce knowledge of fundamental importance 
about the e a r l y  h i s t o r y  of t he  earth and the solar system. 
It should be stressed, furthermore, that  t h i s  knowledge can 
come only from inves t iga t ions-  of s o l i d  bodies  such as the  
moon and p l ane t s .  Spaceborne i n v e s t i g a t i o n s ,  which measure 
c h i e f l y  p a r t i c l e s ,  f i e lds ,  and r a d i a t i o n ,  t e l l  u s  e s s e n t i a l -  
l y  what i s  happening i n  t h e  s o l a r  system now; but  t he  de- 
t a i l e d  examination of the s o l i d  bodies of the  s o l a r  system 
w i l l  r evea l  i t s  h i s t o r y ,  because s o l i d s  remember, i n  a 
sense,  what has happened t o  them. O f  t h e s e  s o l i d  bodies,  
the  moon i s  the most promising f o r  such s t u d i e s  f o r  reasons 
which w i l l  be made c l e a r  i n  t he  fo l lowing  s e c t i o n s .  

It seems c e r t a i n  that a comprehensive program of luna r  

Although the  moon i s  thought t o  have the  same age as 
t h e  e a r t h ,  some 4.5 b i l l i o n  years, t he  commonly held be- 
l i e f  tha t  a l l  of t h e  moon's exposed su r face  i s  t h i s  o ld  i s  
probably not co r rec t ,  and r ecen t  observa t ions  of changes . 



nea r  and i n  the  c r a t e r  Aris tarchus show t h a t  t he  moon is  by 
no means geo log ica l ly  dead. However, the absence of earth- 
l i k e  weathering, erosion,  and sedimentation make i t  v i r t u a l -  
l y  c e r t a i n  that we shall  f i n d  a much better record  of the 
moon's e a r l y  h i s t o r y  than  we have of the earth 's  e a r l y  h i s -  
tory. 
SO of the  ear th 's  development i s  unknown, a d e t a i l e d  ex- 
amination of the  moon would be of immense s c i e n t i f i c  value,  

Since d i r e c t  evidence of the first b i l l i o n  yea r s  o r  

t e l l i n g  us  much, by analogy, about the ear th 's  e a r l y  h i s -  
t o r y  which can be learned no o the r  way. T h i s  per iod of the 

earth's evolu t ion  i s  of grea t  i n t e r e s t ,  because i t  was then 
that the e a r t h ' s  oceans, atmosphere, and con t inen t s  began 
t o  form. 

Even more important 'is t h e  p o s s i b i l i t y  that  w e  may 
even tua l ly  f i n d  a reasonably complete record  of the o r i g i n  
and development of the solar  system, by s tudy of the moon's 
h i s t o r y  and of i t s  accumulated m e t e o r i t i c  debris .  

lated p o s s i b i l i t y  would be the deduction of the  temperatures 
a t  which the moon, and by analogy, the p l ane t s ,  were formed. 
T h i s  would of course requi re  a comprehensive program of 
geologica l  mapping and geophysical measurements. 
the i n t e r p r e t a t i o n  of thermal da t a  produced on the moon 
would be somewhat s impl i f ied  by t h e  absence of the complica- 
t i o n s  caused on the e a r t h  by sedimentation, long-term c l i -  
mat ic  changes, and unknown phase changes brought about i n  
the i n t e r i o r  by high pressures tha t  cannot now be repro-  
duced i n  the labora tory .  

From the above discussion,  i t  i s  apparent  that  the  
moon i s  a v i r t u a l  Rose t ta  s tone tha t ,  i f  proper ly  read,  may 
permit u s  t o  l e a r n  how the s o l a r  system, the earth, and the  
con t inen t s  on which w e  l i v e  were formed. 

A r e -  

However, 
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EVOLUTION OF LUNAR EXPLORATION 
Before discussing specific scientific operations, it 

is necessary to review the organization of lunar exploration 
as a whole, and to suggest some general principles for plan- 
ning manned lunar missions. 

The initial. phase of lunar exploration, examination 
and mapping of the moon by earth-based instruments, has been 
underway since the invention of the telescope. Recent de- 
velopments, such as the geological mapping being conducted 
by the U . S .  Geological Survey, show that the potential of 
earth-based observations has by no means been exhausted and 
that new data are still forthcoming. 

The second phase, that of investigation of the moon by 
unmanned spacecraft, is also well underway. Future unmanned 
lunar probes can be expected to provide valuable engineering 
and scientific data about the moon. 

The third phase will begin, hopefully, by the end of 
this decade with the first manned landings. Because of li- 
mited stay time and payload capabilities, scientific ex- 
ploration will be restricted in scope during the early Apol- 
lo missions. Manned operations after these initial land- 
ings could conceivably permit a greatly increased scienti- 
fic program. It is felt that a program of lunar exploration 
should include the following main phases: 

A. Orbital Surveys 
B. Surface Traverses 
C. Fixed-site Investigations 

Moon-oriented (geophysical monitoring, 
deep drilling, etc .) 
Moon-based (astronomy, biological studies, 
etc.) 

The interrelation of these various phases is illustrated in 
Figure 1. 



Time 
1960 Earth-Based Observations 

(Geologic and Topographic Mapping) 

Unmanned Lunar Probes 
(Ranger, Surveyor, IMP, 

Lunar Orbiter) 

1 
Manned Lunar Exploration 

(Apollo) 
1 

Surface 
Traverses 
Geological mapping 
sampling, subsurface 
geophysical surveys, etc.) 

Orbital 

(Reconnaissance, 
panoramic, and multi- 
band photography; 
geophysical surveys ; 
other remote-sensing 
me t hods ) 

Mapping 

Fixed Site 
Scientific Operations 

Moon-oriented Moon-based (astronomy, 
(Drill-hole space physics, 
logging; geophysical low-g biology, etc.) 
monitoring; sample 
analysis, etc .) 

Figure 1 The Evolution of Lunar Exploration 



Since the  s c i e n t i f i c  i n v e s t i g a t i o n s  of h ighes t  p r i o r i -  
t y  are i n  the  f i e l d s  of geology and geophysics, i t  appears 
that  the re  i s  d e f i n i t e  value i n  extending manned luna r  ex- 
p l o r a t i o n  by the use of  modified Apollo equipment. Exper- 
ience  has shown t h a t  geophysical and geologica l  mapping i n -  
v e s t i g a t i o n s  of l a rge  areas a r e  cont inuing tasks; l i k e  t h e  
p a i n t i n g  of t he  Golden Gate Bridge, they a r e  never r e a l l y  
f in i shed ,  because new concepts, quest ions,  and methods 
evolve during t h e  program. The occasional ly-expressed 
view t h a t  t he  major q u e s t i o n s  about the moon could be 
s e t t l e d  by a f e w  landings and the  r e t u r n  of a few samples 
ignore the  experience or? severa l  c e n t u r i e s  or Le;-r.estr7iai 
geology and geophysics, 

noon w i l l  r equ i r e  long-distance sur face  t r a v e r s e s ,  r a t h e r  
than a few landings w i t h  r e s t r i c t e d  r ad ius  of ope ra t ions .  
T e r r e s t r i a l  experience demonstrates t ha t  the a b i l i t y  t o  
examine l a r g e  a reas  i n  d e t a i l  i s  fundamental to the  soiu- 
t i o n  of d i f f i c u l t  geological  problems, and the  s i z e  arrd 

number of 1;rnar f e a t u r e s  i n d i c a t e s  tha t  t h i s  w i l l  also be 

t r u e  on the  moon. T h i s  does no t  imply t h a t  t he  e n t i r e  m ~ o n  

will be mapped on the  sur face .  Most of  the  mapping will 

It a l s o  szems c e r t a i n  t h a t  adequate exp lo ra t ion  of th,c 

have t o  be done by photography and o ther  remote-sensing 
methods from o r b i t i n g  vehicles  because of the  moon's l a r g e  
sur face  a r e a .  The surface program should c o n s i s t  e s s e n t i a l -  
l y  of f ie ld-checking maps made from data obtained from 
space, and supplementing these d a t a  by detai led s t u d i e s  ~ r d  
by subsurface inves t iga t ions .  

After- the na ture  of the l u n a r  environment and thc  ex- 
t e n t  of l una r  resources  have been determined, t h e  moon can 
be used as a platform f o r  many o the r  i n v e s t i g a t i o n s .  Tk-esc 

a r e  descr ibed i n  b r i e f  i n  the l a s t  s e c t i o n  of t h i s  paper .  . 
. -  



SYSTEMATIC ORBITAL MAPPING 
One of the major ob jec t ives  of the exp lo ra t ion  of the  

moon's sur face  w i l l  be topographic and geologic  maps. Much 
mapping on the ea r th ,  c h i e f l y  photography, i s  done from 
a i r c r a f t  by var ious remote-sensing methods. These methods 
can, i n  p r i n c i p l e ,  be adapted f o r  use i n  t h e  sys temat ic  
mapping of the  moon. 

c r a f t  cannot, however, be matched by veh ic l e s  f l y i n g  over 
the  moon without h igh  f u e l  expenditure,  s ince  f l i g h t  must  
be e n t i r e l y  react ion-sustained.  Remote-sensing techniques 
must t he re fo re  be adapted f o r  use aboard o r b i t i n g  space- 
c r a f t .  A l t i t udes  on t h e  o r d e r  of 8 to 80 m i l e s  and speeds 
of approximately 1 mile per second w i l l  be requi red  of 
l una r  s a t e l l i t e s .  Under these condi t ions,  i t  may be diffi- 

The low speeds and a l t i t u d e s  c h a r a c t e r i s t i c  of a i r -  

c u l t  o r  impossible t o  dupl ica te  the r e s o l u t i o n  of some 
types of t e r r e s t r i a l  a i rborne surveys.  Nevertheless,  sev- 
e ra l  techniques appear promising f o r  systematic  or ;b i ta l  
mapping, inc luding  the  following. 
Photography 

logue of a e r i a l  photography) i s  believed t o  have g r e a t  

There appear t o  be t h r e e  major types of space photography 
which can be performed f r o m  luna r  o r b i t :  

High r e s o l u t i o n  space photography ( t h e  o r b i t a l  ana- 

p o t e n t i a l  value f o r  geologic and topographic mapping 3 . 

a .  Small-scale reconnaissance photography 
wi th  r e l a t i v e l y  small cameras (e .g., 
70m format) us ing  only one o r  two f i l m  
types .  

c a l  l e n g t h  panoramic cameras, cor-respond- 
i n g  i n  s c a l e  and a p p l i c a t i o n  t o  

b.  Large-scale photography wi th  long fo -  



conventional a e r i a l  photographs. 

out wi th  an  a r r ay  of r e l a t i v e l y  
small cameras, each of which would 
produce p i c t u r e s  i n  a smll reg ion  
of the spectrum. 

c .  Mul t i spec t ra l  photography c a r r i e d  

Other Techniques . 

even t o  a i r c r a f t  i s  s t i l l  i n  an elementary s tage ,  w e  can 
only l i s t  some poss ib le  lunar  u s e s  (Table 1). For more de- 
t a i led  desc r ip t ions  of these methods as u s e d  on the e a r t h ,  

4 the reader i s  r e f e r r e d  t o  Shellman . 

Because the  app l i ca t ion  of remote-sensing techniques 

Table 1 
POTENTIAL ORBITAL MAPPING TECHNIQUES 

Technique Possible  Applicat ion 
In f r a red  sensing5 Compositional mapping, de- 

t e c t i o n  of thermal anoma- 
l i e s ,  l o c a t i o n  of subsur- 
f a c e  i c e  

Radar 

Passive m i  rowave 
radiome t r y g 7 

Magnetometers 

G r a v i t y  grad ien t  
measurement 

Topographic mapping, mea- 
surement of dus t  th ickness  

Mapping subsurface s t r u c -  
t u r e  

Mapping broad f e a t u r e s  of 
l una r  magnetic f i e l d ,  moni- 
t o r i n g  i n t e r p l a n e t a r y  f i e l d  

Detect ing g r a v i t y  a n m a l i e s  
f o r  deduction of subsurface 
s t r u c t u r e  



Table 1 (Cont 'd) 
POTENTIAL ORBITAL MAPPING TECHNIQUES 

Technique Possible  Applicat ion 
Electromagnetic pulse Measurement of d i e l e c t r i c  
methods8 constant ,  p o l a r i z a b i l i t y ,  

Gam r a d i a t i o n  detec- Mapping of d i s t r i b u t i o n  of 
t o r s  nuclear  spec ies ,  d i s t i n -  

and conduct iv i ty  of t e r r a i n  

guishing rock types 
SURFACE TRAVERSE INVESTIGATIONS 

It i s  poss ib le ,  desp i te  o u r  p resent  ignorance of t he  
d e t a i l e d  na ture  and o r i g i n  of l una r  topographic f e a t u r e s ,  
t o  i d e n t i f y  a great riurriuer or d i s t i n c t i v e  r e a t u r e s ,  such 
as rills, domes, and scarps .  These f e a t u r e s  occur a t  many 
p laces  on tne  earthward hemisphere, and, through study, 
w i l l  be the  key t o  S e t t e r  understanding of t he  moon. 

exp lo ra t ion  appears a t  this time t o  be e s s e n t i a l ,  s ince  
exp lo ra t ion  should cons is t ,  t o  a l a rge  ex ten t ,  of  checking 
maps made f rom o r b i t  and e s t a b l i s h i n g  some basis f o r  inter- 
p r e t i n g  t h e  maps over largE a r e a s .  The philosophy behinri 
the  requirement for; extensive sur face  mobi l i ty  i s . t h a t  
s eve ra l  type s e c t i o n s  OT type a r e a s  shou ld  be e s t ab l i shed  
at an e a r l y  s tage  i n  our exp lo ra t ion  of t h e  moon. The type 
a r e a s  would serve as cont ro ls  from which w e  could expand our 
sur face  knowledge us ing  any of the  foreseeable  follow-on 
sur face  explora t ion  programs i n  connection w i t h  o r b i t a l  
mapping. 

the f i r s t  few Apollo landings should t h u s  be long d i s t ance  
t r a v e r s e s  across  the surface i n  pressur ized  veh ic l e s .  
Continuous, per iodic ,  and s p e c i a l  i n t e r e s t  observa t ions  and 
measurements would be made dur ing  the  t r a v e r s e s .  fianges of 

The u s e  of a s l ; r face vehic le  i n  the  e a r l y  s t a g e s  of 

The bas ic  method of manned su r face  exp lo ra t ion  af ter  



up to 300 miles  might be required t o  u t i l i z e  e f f e c t i v e l y  
the  longer s t a y  times poss ib le  and t o  v i s i t  a s u f f i c i e n t  
number of s i t e s  t o  conduct a reconnaissance type of explor-  
a t i o n .  

For economy of e f f o r t ,  each sur face  t r a v e r s e  must be 
pre-planned t o  e x t r a c t  as much information as poss ib l e  
from the  t r ave r se  route ,  even i f  some of i t  cannot be 
immediately i n t e r p r e t e d .  For example, reduct ion  of g r a v i t y  
measurements depends on c l o s e  v e r t i c a l  con t ro l  a long the  
r o u t e .  However, even without such cont ro l ,  g r a v i t y  measure- 
ments should be made so t h a t  they can even tua l ly  be i n t e r -  
p re t ed  when v e r t i c a l  cont ro l  does become a v a i l a b l e .  

I f  we assume t h e  c a p a b i l i t y  f o r  moderately long-range 
su r face  t r a v e l ,  and t h e  a b i l i t y  t o  support  teams of two or  
more men f o r  extended periods,  w e  may ask what s c i e n t i f i c  
i n v e s t i g a t i o n s  or operat ions would be o f  most value.  Sc i -  
e n t i f i c  i n v e s t i g a t i o n s  on the sur face  should be l a r g e l y  
confined to those which provide the  maximum amount of 
knowledge about t he  moon i t s e l f ,  and which take best  advan- 
tage of the  f a c t  t h a t  they can be conducted by man. It 
appears that  the most valuable i n v e s t i g a t i o n s  f a l l  i n t o  
th ree  major ca tegor ies :  geology, geochemistry, and geo- 
physics .  Geology and geochemistry a r e  s o  c l o s e l y  i n t e r -  
woven tha t  they shal l  be t r e a t e d  as one f i e l d  here .  Under 
these  ca tegor ies ,  surface t r a v e r s e  i n v e s t i g a t i o n s  w i l l  be 
discussed i n  the following s e c t i o n .  It w i l l  be not iced  
tha t  t h i s  organiza t ion  i s  somewhat a r b i t r a r y ;  for. example, 
the d r i l l  hole logging methods include some measurements of 
pr imar i ly  geophysical i n t e r e s t ,  



Geology and Geochemistry 

of rock exposures i s  the keystone of  f i e l d  geology and, t o  
a l a r g e  degree, of explora t ion  geophysics. A geologica l  
survey would have as i t s  broad purpose the determinat ion of 

Geological Survey: The detailed s tudy  (with sampling) 

the lunar  s t r e s s  f i e l d ,  the r e l a t i v e  and absolu te  ages of 
s t r u c t u r e s  and rock types,  and the  o r i g i n  and s ign i f i cance  
of sur face  f e a t u r e s  such as  mountafns, maria, and c r a t e r s .  

Because t i m e  w i l l  be the  most valuable  commodity 
during lunar  explora t ion ,  i t  i s  imperative t h a t  techniques 

e n t i r e l y  new techniques,  be a v a i l a b l e  t o  t h e  luna r  geolo- 
g i s t .  The t e r r e s t r i a l  p rac t i ce  of r e tu rn ing  aga in  and 
aga in  t o  the  same region to  conduct s p e c i a l  purpose surveys 
w i l l  no t  be p r a c t i c a l  on t h e  moon. It would appear that  
more extensive use of photography, coupled wi th  the use of  
tape  recorders ,  may allow the  geo log i s t  t o  cu t  down h i s  

o v e r a l l  time a t  the outcrop. 

rou tes ,  i s  extremely important f o r  proper planning and 
i n t e r p r e t a t i o n  of geological  measurements. It is  u n l i k e l y  
t ha t  t he  s c i e n t i s t s  w i l l  be ab le  t o  l o c a t e  the rou te  or  
c r i t i c a l  geological  s i t e s  with s u f f i c i e n t  p r e c i s i o n  from 
photographs o r  topographic maps alone.  Therefore, auto- 
matic o r  semi-automatic techniques f o r  rapid,  accura te ,  
and r e l i a b l e  luna r  rou te  surveying are necessary.  

fiat 3 G r r i E y  uszd ir: terrestr ia l  exglorat ion,  or perhaps 

Route surveying, o r  the accura te  mapping of t r a v e r s e  

The a b i l i t y  t o  d r i l l  holes  i n  the  luna r  su r face  i s  a 
p r e r e q u i s i t e  f o r  many inves t iga t ions .  The depth requi red  
f o r  e a r l y  d r i l l i n g  cannot be s p e c i f i e d  wi th  any p rec i s ion ,  
bu t  depths of up t o  100 f e e t  w i l l  probably be necessary f o r  
sampling, emplacement of geophysical instruments ,  and 



poss ib ly  f o r  emplacing explosives  f o r  a c t i v e  seismic 
surveying. Continuous coring would preserve the maximum 
amount of information from the  d r i l l  hole,  but samples 
c o n s i s t i n g  of s h o r t  cores  and c u t t i n g s  would a l s o  be 
extremely valuable .  

and highlands cannot now be predic ted ,  and i t  i s  q u i t e  
The subsurface s t r u c t u r e  and composition of t he  maria 

poss ib l e  tha t  t h e r e  w i l l  be l i t t l e  v a r i a t i o n  encountered 
i n  a 100 f o o t  ho le .  However, t o  g e t  the maximum s c i e n t i f i c  
value from the  operat ion,  a logging program should be pre- 

p e r t i e s  of i n t e r e s t .  

i a t i o n s  i n  rock p rope r t i e s  as a func t ion  of depth.  
should be use fu l  i n  s t r u c t u r e  mapping and as an a id  i n  
i n t e r p r e t i n g  the  r e s u l t s  o f  geophysical i n v e s t i g a t i o n s ,  
such a s  seismic records .  The major a n t i c i p a t e d  types of 
d r i l l  hole measurements include the  following: 

t ha t  5s capahLe of ..,,.--7.v. ll~GauuLiilg a l l  the f s r e s e e n  pro-  

T h i s  program will obtain i n  s i t u  measurements of var- 
They 

1. E l e c t r i c  p rope r t i e s  4.  Sonic v e l o c i t y  
2 .  Radioac t iv i ty  5. Magnetic f i e l d .  
3. Thermal p rope r t i e s  

Analysis of' t h e  Lunar Atmosphere: The p re sen t  con- 
census i s  that the luna r  atmosphere i s  s o  t h i n  (below 
l O ' l 3 a t m )  a s  t o  be neg l ig ib l e  f o r  most purposes.  
t h e  observat ion of possible  gas emission from Alphonsus 
and Aris tarchus shows t h a t  degassing may be cont inuing.  
The na ture  of these  emissions would be of g r e a t  s c i e n t i f i c  
and engineer ing i n t e r e s t .  

However, 

The most  p r a c t i c a l  technique f o r  atmospheric a n a l y s i s  
appears t o  be the  use of l ightweight  mass spectrometers  

. -  developed f o r  s a t e l l i t e  experiments. Such instruments  c a n .  



analyze charged and uncharged gases with a wide range of 
molecular weights. Portable gas chromatographs m i g h t  
a l s o  be u s e f u l  i n  iden t i fy ing  gases such as ace ty lene .  

s u i t s  may present  a d i f f i c u l t  problem. If the normal 
l u n a r  atmosphere i s  a s  tenuous a s  expected, instruments  
placed near the vehicle  would be swamped by the  gas 

The outgassing of the su r face  vehic le  and the  space 

coming from i t .  
t h e  a n a l y t i c a l  instruments i n  a remote spot  f o r  l a te r  
untended readout .  

T h i s  problem may be overcome by p lac ing  

-1 Areal Raaiat ion Survey: 'rne i una r  su r face  can be 
expected t o  be somewhat rad ioac t ive  because of exposure 
t o  primary cosmic rays and s o l a r  corpuscular r a d i a t i o n  
t h a t  have produced such i so topes  a s  A126 and Be1'. I n  
s p i t e  of t h i s  induced r a d i o a c t i v i t y ,  i t  should be poss i -  
b l e  t o  d i scr imina te  bztween rock  u n i t s  of g r o s s l y  d i f f e r -  
i n g  composition, such as per idot i teand  g r a n i t e ,  on the  
basis of t h e i r  U, K4', and Th contents .  Such discr imina-  
t i o n  might be u s e f u l  i n  mapping the rocks along the 
t r a v e r s e  rou te s  i f  t h e i r  surface c h a r a c t e r i s t i c s  a r e  
obscured by the  products o f  s p u t t e r i n g  or  r a d i a t i o n  dark- 
ening.  Radiat ion measurements might a l s o  be he lp fu l  i n  
d e t e c t i n g  accumulations of radon, which i n  t u r n  might 
lead t o  discovery of f a u l t s  o r  mineral ized zones. 

A gamma ray spectrometer c a r r i e d  on o r  near  the sur -  
f a c e  vehic le  should permit cons t ruc t ion  of a continuous 
r a d i o a c t i v i t y  p r o f i l e  along the  su r face  rou te .  Adapta- 
t i o n s  of spectrometers  designed f o r  unmanned probes such 
as Ranger and Surveyor could d iscr imina te  between t h e  

a c t i v i t y  due t o  K40, U, and Th.  



Continual Surface Measurements f o r  O r b i t a l  Surveys: 
A s  previously mentioned, the  g r e a t  su r f ace  a rea  of 

t he  moon w i l l  make i t  necessary t o  do most of the system- 
a t i c  geologic and topographic mapping by the o r b i t a l  
analogues of a e r i a l  surveys, us ing  photography and o the r  
remote-sensing methods. To a i d  the  i n t e r p r e t a t i o n  of t he  
d a t a  gathered by these  techniques, i t  w i l l  be u s e f u l  t o  
make continuous sur face  measurements of the  same p r o p e r t i e s  
a long the  sur face  t r ave r se  r o u t e s .  

The most u s e f u l  p rope r t i e s  t o  be measured would be 
t h e  t o t a l  s p e c t r a l  d i s t r i b u t i o n  of e lectromagnet ic  r ad ia -  
t i o n  from the u l t r a v i o l e t  t o  the  in te rmedia te  i n f r a r e d  
(around 15 microns) and the m i c r o r e l i e f .  
Geophysics 

followed the same general  pa th  as that  of  t h e  earth, i t  
may have been dominated by t he  luna r  heat balance.  The 
most important s i n g l e  datum necessary f o r  s tudy of t he  
moon's thermal h i s t o r y  w i l l  be accura te  determinat ions of 

Heat Flow Measurements: If t he  moon's evo lu t ion  has 

the  amount of non-solar heat coming from t h e  i n t e r i o r .  
The general  technique f o r  measuring the  hea t  f l u x  

w i l l  probably be s i m i l a r  i n  p r i n c i p l e  t o  t ha t  c u r r e n t l y  
used f o r  measuring the  e a r t h ' s  heat f l u x  i n  d r i l l  ho les  
o r  on the  sea  f l o o r .  The major u n c e r t a i n t y  i n  applying 
these  techniques to the  moon i s  t h e  l ack  of knowledge of 
the  conduct ivi ty  and s t r u c t u r e  of t h e  shallow p a r t  of t he  
luna r  c r u s t .  If  the  low conduct ivi ty  and d e n s i t y  implied 
by astronomical measurements extend t o  depths of a few 
meters, i t  may be possible  to use an adap ta t ion  of the 
present  marine thermal probes, which a r e  simply dr iven  
3 o r  4 meters i n t o  the  sur face .  However, if the observed- 



thermal properties are the result of a thin dust layer 
underlain by solid rock, it may be necessary to drill 
holes for emplacement of the thermal probe. Terrestrial 
experience demonstrates that heat produced by dTilling 
upsets the theyma1 profile, which may take weeks cr months 
t o  approach equilibrium. Which of these possible sub-  
surface models more nearly approximates lunar conditions 
should be determined by early Apollo investigatlons. 

should be possible at an early stage ir, szrf'acc explora- 

in its usual manner to interpret subsurface structure. 
Both refraction anc! rcflcctfon techniques sk-ould be 
applicable. 

Active Seismic Surveys: Active seismic surveying 

tier?. IR - genera l ,  seismic infnrmatlnn Woi-ild he applied 

Landing and traversing Sn the maria seems most prob- 
able at this time. Knowledge of the structure and con- 
figuration of the underlying surface will be dcsired. In 
addition, it will be useful to make seismic profiles 
across stratigraphic contacts and structural features such 
as wrinkle pidges and domes. 

Non-conventional terrestrial techniques may be 
necessary to generate the seismic impulses. Above ground 
or surface "shooting" or the falling weight technique may 
be alternatives to emplacement of explosive charges in 
drill-holes. 

Gravity Measurements: Gravity measurements during 
early manned exploration should be an important exploration 
technique when related to surface mapping and other inves- 
tigations. Accurate measurements of the moon's body tides 
and its surface gravity valua will probably be made at one 
or more fixed sites before surface traverses are under- 



taken.  Thereaf ter ,  measurements made during the t r a v e r s e s  
would i n d i c a t e  l o c a l  o r  broad anomalies t h a t  could be 

inves t iga t ed  i n  more d e t a i l  if d e s i r a b l e .  
It seems poss ib le  tha t  semi-automatic surveying and 

naviga t ion  systems can be developed f o r  a l u n a r  su r face  
vehic le  t h a t  would permit determining su r face  e l e v a t i o n s  
t o  an accuracy of 1 ’ i n  3-5000, r e l a t i v e  t o  the landing 
s i t e .  Given t h i s  degree of accuracy i n  the  route  survey, 
a r a t h e r  high ordcr grav i ty  survey c o u l d  be conducted. 
I n  a d d i t i o n  t o  a g r a v i t y  meter (mod i f i ed  f o r  lunar  u s e ) ,  

dependent on accura te  elevation da ta .  
8 gly&ior*eter migh t  be .,;z?GzS:e, bccausc it is fist 2s 

Magnetic F ie ld  Ncasurcmcnts: The magnetic f i e l d  
measured on the s u r f a c e  of the moon w i l l  probably be the  
r e s u l t a n t  of  i n t e r a c t i o n  h?-t:ccn t h e  lunar  and i n t e r -  
p l ane ta ry  f i e l d s .  Mcasurencnts at 50 k m  abovc C,iv moon 
by Lunik I1 and studies o r  zurface luminescence by  

Kozyrev I n e i c a t e  tki2.t ti;e lunar  sur face  f i e l d  will be 

weak, 
s o l a r  wind may flatten th? moonls f i e l d  so  that even i f  

i t  were as s t rong  a s  1000 gammas, i t  would be undetezt-  
a b l e  a t  8 50 k m  a l t i t u d e .  

9 

Fowever, Ncugebauer” has pointed out t h a t  tl?? 

The purpose of t h e  magnetic survey would be t o  ob ta ln  
p rec i se  information on the a r e a l  v a r i a t i o n  of t he  moon’s 
near-surface f i e l d .  The technique w i l l  probably be a com- 
p o s i t e  of those used i n  t e r r e s t r i a l  a e r i a l  and ground mag- 
n e t i c  surveys and i n  s a t e l l i t e  magnetic measurements. 

Magnetic data s h o u l d  be he lp fu l  i n  deducing sab- 
sur face  s t r u c t u r e  and composition. Presumably t h e  verti- 
c a l  component w i l l  be t h e  most informative quan t i ty  
measured, but t he  hor izonta l  component and the  f i r s t  and - - -  



second d e r i v a t i v e s  may a l so  be of i n t e r e s t .  
Surface E l e c t r i c a l  Measurement,s: Surface e l e c t r i c a l  

measurements might provide a d d i t i o n a l  information on sub-  
sur face  s t r u c t u r e  and perhaps a s s i s t  i n  development of a 
low frequency point-to-point communication system. The 
major p o s s i b i l i t i e s  appear t o  inc lude  measurement o f :  

a .  moon-wide t e l l u r i c  cu r ren t s  
b. spontaneous p o t e n t i a l  
c.  a r t i f i c i a l  e l e c t r i c a l  p o t e n t i a l  f i e l d s  

d. r e s i s t i v i t y  
e .  induced magnetic f i e l d s .  

I n  a d d i t i o n  to +,he s c i e n t i f i c  i n v e s t i g a t i o n s  6 e s c r i b -  
ed for suFface tyaverses,  it w i l l  be necessary t o  make 
concurrent s t u d i e s  at one o r  more f i x e d  sites. The f ixed-  
s i t e  s t u d i e s  f a l l  into $wo major: ca tegor ies :  Geology/Geo- 
chemistry and Geophysics/Space Physics. The l a t t e r  ca t e -  
gory i s  a composite because it  w i l l  be d i f f i c u l t ,  i n  some 
ins tances ,  t o  separ-ate lunar: and i n t e r p l a n e t a r y  phenomena; 
a n  example might be magfietic f i e l d  measurements. 
Geology/Geochemistry 

would be poss ib l e  w i t h  a l igh tweight ,  vehicle-mounted d r i l l  

w i l l  eventua l ly  be required.  D r i l l  ho les  with depths  of' 
s eve ra l  thousand f e e t  might permit more r e p r e s e n t a t i v e  
sampling of  the  luna r  c rus t ,  and the measurement a t  depth 
of the  v a r i a t i o n  i n  physical  p r o p e r t i e s  of the  rocks by 
means of logging devices  similar t o  those descr ibed for: the  
surface t r a v e r s e s .  Deep d r i l l i n g  equipment which meets the 
requirements of the  Apollo system does not  p r e s e n t l y  e x i s t ,  
b u t  w i l l  be the s u b j e c t  of f u t u r e  study. 

SURFACE FIX2D-SITE ST'DIES 

Deep D r i l l i n g  and Logging: Deeper. d r i l l l n g  than 



Analy t ica l  S tudies :  The high cos t  per  man hour of 
l una r  sur face  t i m e  during e a r l y  Apollo missions w i l l  
probably preclude any in t ens ive  rock or mineral  a n a l y s i s  
on the moon; i t  w i l l  be much more e f f f c f e n t  t o  r e t u r n  the  
samples f o r  s tudy on e a r t h .  However, longer  mission stay 
times wi th  surface t r ave r ses  w i l l  probably r e s u l t  i n  the 
c o l l e c t i o n  of such l a r g e  number. of samples that  they  can- 
no t  a l l  be returned.  Theyefore, i t  may be u s e f u l  t o  
sc reen  these  by chemical and mineralogical  a n a l y s i s .  T h i s  
c a p a b i l i t y  might a l s o  permit the  r e s o l u t i o n  of' geologic  
przlbleiiis GT1 +L- m n - 4 -  

Geophysics/Space Physics 
S t a t i o n a r y  Seismographs: A three-component seismo- 

graph o r  a s e r i e s  of seismographs with var ious  frequency 
ranges w i l l  be necessary t o  record with high r e s o l u t i o n  the  
moon's n a t u r a l  seismic a c t i v i t y .  Such instruments  might 
a l s o  record e l a s t i c  waves produced by m e t o r i t i c  impact. 
T h i s  information w i l l  be extremely valuable  i n  determining 
t h e  deep s t r u c t u r e  of the moon. 

Theodolite Observations: Prec ise  l o c a t i o n  determina- 

U I l C  o p w u .  

t i o n  w i l l  be made by theodo l i t e  observa t ions .  These w i l l  
a l s o  make poss ib l e  the accurate  determinat ion of the  d i r e c -  
t i o n  of the  moon's a x i s  of r o t a t i o n  and the  amplitude of 
t he  phys ica l  l i b r a t i o n s .  

d i r e c t i o n a l  f l u x  and energy of both primary meteoroids and 
t h e i r  e j e c t a  w i l l  be necessary. To measure these  quan- 
t i t i e s ,  l a rge-area  meteoroid d e t e c t o r s  could be deployed a t  
s eve ra l  s i t e s  f o r  long-duration monitoring. 

Meteoroid Flux: Detai led knowledge of the long-term 

Radiat ion Measurements: Long-term monitoring of  i n c i -  
. .  dent e lectromagnet ic  and corpuscular r a d i a t i o n  could be . -  . 



accomplished with adaptations of space probe and satellite 
instrumentation. This would be important not only for the 
obvious scientific and engineering purposes, but also to 
provide a measurement of the temporal variations in back- 
ground radiaticn, thus supplementing the traverse radiation 
measurements described elsewhere. 

Magnetic Field Fluctuations: Continual monitoring of 
the lunar magnetic field at the surface might be necessary 
to record the lunar equivalent of terrestrial diurnal 
variations. Knowledge of such variations, if they exist, 
will be necessary if areal magnetic surveys are to be pro- 
perly interpreted. 
THE SCIENTIFIC USES OF THZ MOON 

The preceding sections of this paper have been centered 
on scientific investigations of the moon itself; however, 
there are many ways in which the moon may be valuable as a 
space platform. Before discussing the, let us review some 
of the unique characteristics of the moon as a vantage 
point for scientific research. 

The most obvious of these is of course the extremely 
low average density of the lunar. atmosphere, currently 
estimated at about one-trillionth of the density of the 
earth's sea level pressure. In addition to its inherent 
usefulness, this near-vacuum provides an unlimited spec- 
tral window for observations from the moon, and should per- 
mit primary cosmic and solar radiation to reach the sur- 
face with very little atmospheric interaction. 

Another valuable characteristic is the moon's weak or 
non-existent magnetic field. Coupled with the fact that 
the moon is effectively beyond the earth's magnetosphere, 
this may open new vistas of investigation in space physics 
impossible from the earth o r  even from an earth-orbiting 



space s t a t i o n .  
F ina l ly ,  i t  should be pointed out  t h a t ,  d e s p i t e  i t s  

b i o l o g i c a l l y  h o s t i l e  envirorment, the  moon i s  probably i n  
many ways a mor.--1 convenient p lace  t o  l i v e  than  space.  The 
luna r  g r a v i t y  f i e l d ,  though weak, should prevent many of 
t h e  phys io logica l  d i f f i c u l t i e s  p re sen t ly  fo re seen  f o r  long 
per iods  of weightlessness.  More important may be the  f a c t  
t h a t  a luna r  labora tory  would not be plagued with escaped 
l i q u i d s ,  dust ,  and loose  ob jec t s  f l o a t i n g  f r e e  - problems 
a l ready  encountered during the Mercury o r b i t a l  f l i g h t s .  

It appears that  these c h a r a c t e r i s t i c s  may make the 
moon u s e f u l  a s  a s i t e  f o r  s c i e n t i f i c  r e sea rch  i n  the 
following d i s c i p l i n e s .  
Astronomy 

Much valuable astronomical research  w i l l  be done w i t h  

unmanned o r b i t i n g  s a t 2 l l i t e s  such as the  OAO, which use 
the  unl imited s p e c t r a l  window provided by space.  However, 
a lunar  observatory might have c e r t a i n  advantages over such 
i n v e s t i g a t i o n s .  Guidance systems could be much simpler be- 
cause the  moon would provide a s t a b l e  base.  Long exposures 
(up t o  two weeks) would be poss ib l e  without the  f requent  
i n t e r r u p t i o n s  encountered i n  e a r t h - o r b i t i n g  veh ic l e s .  
F ina l ly ,  the  f a c t  t h a t  the moon should be easier;  t o  l i v e  on 
would permit human p a r t i c i p a t i o n  during long per iods  of 
instrument opera t ion .  

Radio astronomy should a l so  be f e a s i b l e  from the  moon; 
an advantage a d d i t i o n a l  t o  those a l ready  mentioned f o r  
o p t i c a l  astronomy would be the  r e l a t i v e  freedom from i n t e r -  
ference encountered near the  e a r t h .  
Space and Solar  Physics 

The unique luna r  environment should permit the moon..to 



be used as a l abora to ry  f o r  a number of phys ica l  i n v e s t i -  
ga t ions .  For. example, t h e  u l t r a -h igh  luna r  vacuum, which 
cannot y e t  be s i m u l a t e d  i n  l a r g e  t e r r e s t r i a l  vacuum 
chambers, might f a c i l i t a t e  experimental  s t u d i e s  of sur face  
chemistry, f r e e  r a d i c a l s ,  and cold plasmas. The weak o r  
non-existent l una r  magnetic f i e l d ,  coupled with the  absence 
of an atmosphere, would p e r m i t  d e t a i l e d  s t u d i e s  of primary 
cosmic r ays  and mul t i spec t r a l  s o l a r  monitoring. F ina l ly ,  
the moon's remoteness might be u t i l i z e d  t o  s tudy  the prcp- 
aga t ion  of g r a v l t a t i o n a l  waves, i n  conjunction with earth- 
based measurements. 
Bio logica l  Research 

k lunar  labora tory  might permit e l abora t e  long term 
s t u d i e s  of the e f f e c t s  of' reduced g r a v i t y  on the physiology 
of man, animals and p lan ts ,  t h u s  t-ending t o  f i l l  t h e  gap 
between zero-gravi ty  and the environment of eayth. Research 
might a l s o  be poss ib le  on the gene t i c  e f f e c t  of primary 
cosmic r ays .  
SUMMARY 

The moon's unique r e l a t i o n  t o  the  e a r t h  makes i t s  study 
an immensely valuable key t o  many ques t ions  about t he  o r i g i n  
and evolu t ion  of the ea r th ,  and of the  s o l a r  system i n  
gener;al. Furthermore, the luna r  environment should permit 
t he  moon t o  serve as a space platform f o r  many s c i e n t i f i c  
i n v e s t i g a t i o n s .  

The f u l l  r e a l i z a t i o n  of the p o t e n t i a l  value of the  
moon w i l l  r equ i r e  ca re fu l ly  planned but imaginat ive manned 
s c i e n t i f i c  exp lo ra t ion  center ing  on geology and geophysics, 
conducted both on the  surface and from o r b i t i n g ' v e h i c l e s .  
Such explora t ion  can be c a r r i e d  o u t  w i t h  launch vehic les  
now under development f o r  the Apollo p r o j e c t .  
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